1. The aim of this study was to devise a method of segregating crypt and villus cell subpopulations from endoscopic human small intestinal biopsies which might be used to examine changes associated with functional differentiation at the molecular level.
INTRODUCTION
Epithelial cells lining the small intestine originate from stem cells in the crypts of Lieberkuhn [1] . As these cells migrate out of the crypts on to the architectural villus support structure in the small intestine, they undergo differentiation to give rise to a variety of metabolically active functional cells specialized for absorption. This migration of an undifferentiated mitotically active cell from the depths of the crypts to the upper third of the villus takes 36-72 h in rats [1] and 48-96 h in man [2] . Terminal differentiation is accompanied by the development of the apical brush border and the maturation of a number of enzyme systems including alkaline phosphatase, sucrase on the apical cell surface and Na + \ K + -ATPases on the basolateral surfaces [3, 4] . Factors controlling proliferation, cell migration and terminal differentiation of these cells are incompletely understood.
The initial development of methods to isolate relatively pure cell subpopulations along the crypt-villus axis, as reviewed by Remke et al. [5] , has made it possible to study aspects of the life cycle and differentiation of these cells. A variety of methods (enzymic and non-enzymic) have been described to isolate terminally differentiated and proliferating cells from the rat and mouse intestinal mucosa [5, 6] . These methods employed incubation of tissues in chelation buffer at 37 mC which did not preserve the structural and biochemical integrity of these cells. This was superseded by the development of separation techniques at 4 mC to preserve cellular integrity [7] . However, isolation of such cell subtypes from human small intestine as a routine can present a challenge because the amount of tissue available is often limited. We describe here a method for isolating relatively pure subpopulations of crypt and villus cells from endoscopic small bowel biopsies. The potential value of this method is indicated by the ability to analyse protein and mRNA expression along the crypt-villus axis.
MATERIALS AND METHODS

Chemical sources
All chemicals were obtained from Sigma, U.K., except Hanks balanced salt solution (HBSS : low calcium and magnesium) from Hyclone, U.K. Methyl-[$H]thymidine (specific radioactivity 79 Ci\mmol) was obtained from Amersham, U.K. Media for incubating endoscopic biopsies were obtained from Gibco-BRL, U.K., and consisted of Gibco-Trowells T8 (65 % vol.), Gibco-NTC-135 (20 % vol.), Gibco-foetal calf serum (15 % vol.), Gibco-LGlutamine (200 mM), benzylpenicillin (600 mg\ml) and streptomycin sulphate (167 mg\ml).
Human small intestinal mucosa
Human small bowel tissues were obtained from patients who were undergoing routine endoscopy for dyspepsia. Ethical approval for this study was granted by the Local Research and Ethics Committee. Endoscopic duodenal biopsies each weighing between 15 and 20 mg were obtained using an Olympus IT20 endoscope and large FB13K biopsy forceps. The biopsies were amalgamated (n l 4 to 6) in HBSS with 0.5 mM dithiothreitol (DTT) on ice.
Isolation of human duodenal intestinal mucosa from crypt and villus regions
Epithelium was isolated as described by Flint et al. [7] , with volume modifications for the amount of tissue available, and is summarized in Scheme 1. The method entails serial processing of tissue samples for progressively longer periods in chelation buffer and with increas- 
Validation of segregated cell population
The purity and character of the cell fractions obtained was determined. The serial removal of different cell types was assessed histologically, by enzyme activity (villus cells) and by [$H]thymidine incorporation (crypt cells). mRNA expression in human small intestinal mucosa Several enzymes, including alkaline phosphatase, are known to be expressed on absorptive tip cells of the small intestine and are absent from cells in the crypts [3, 4] . Cells from each fraction were resuspended in 2 ml of chelation buffer and disrupted with a sonicator (MSE Soniprep 150) for 6 s at a wavelength of 10 µm. The suspension was centrifuged (Eppendorf 5402R) at 10 000 g for 5 min at 4 mC. Two-hundred microlitres of the supernatant was incubated at 37 mC with enzyme substrate (0.23 mM p-nitrophenyl phosphate in 0. ated with 0.5 ml of 0.5 M NaOH. Enzyme activity was determined by the release of p-nitrophenol detected spectrophotometrically (Beckman Du-62 Spectrophotometer) at 420 nm. Results (see Figure 1 ) are expressed as standardized units per mg of protein assayed by a modified technique of Lowry et al. [8] .
At each sequential stage of the isolation procedure, a biopsy remnant was removed and processed for histological examination after staining with haemotoxylin and eosin (Figure 2 ).
Crypt-cell enrichment of all cell fractions was identified by [$H]thymidine uptake. Endoscopic biopsies were incubated in Falcon culture dishes for 6 h at 37 mC in 95 % O # \5% CO # containing 0.9 ml of media with 2 µl of [$H]thymidine (specific activity 79 Ci\mmol). This is an adaptation of a previously described method [9] . Our preliminary experiments (results not shown) had shown endoscopic small bowel biopsies to be viable for up to 48 h in these culture conditions. Although blunting of the villus cell could be observed by 12 h, histological examination of the biopsy remnant at each sequential stage was no different from Figure 2 and cell viability as assessed by Trypan Blue exclusion was maintained. After incubation, biopsies were washed six times in 10 ml of chelation buffer. Cell subpopulations were then separated as described above, pelleted and resuspended in 0.5 ml of chelation buffer. To this, 200 µl of 5 % trichloroacetic acid was introduced. The precipitate was dissolved in 200 µl of 0.1 mM NaOH and neutralized with an equal volume of 0.1 mM HCl. Radioactivity in these samples was determined by liquid-scintillation counting on an LKB 1219 Rack Beta counter (10 ml of scintillant ; LKB, Loughborough, U.K.) and expressed as d.p.m. Results (see Figure 3) are expressed as d.p.m. per mg of protein.
RNA extraction and Northern blot analysis
To minimize RNA degradation, all equipment and containers were autoclaved and washed in 0.1 % diethyl pyrocarbonate water. RNA was extracted from endoscopic duodenal cells by the single-stage method described by Chomcynski and Saachi [10] with modifications to volume for the small samples being used. Total RNA was heat denatured for 5 min at 65 mC in buffer containing 50 % formamide and loaded on a 1 % agaroseformaldehyde gel made up in 5iMops, pH 7.4. The gel was run in 1iMops at 120 V for 2 h and subsequently transferred to Hybond N filters (Amersham, U.K.) as described by Sambrook et al. [11] . Filters were dried in air for 10 min and fixed under UV light for 3 min.
In our experience, RNA can be reliably isolated from such material stored for up to at least 2 weeks at k80 mC.
Probes
We chose probes which were available to us and whose protein expression in human tissue was known to have a predilection for either proliferating cells in the crypts [transferrin receptor (TfR)] [12, 13] or absorptive functional cells in the tips (sucrase-isomaltase) [14] . The sucrase-isomaltase is a 300-bp cDNA probe kindly donated by Drs. X. Wang and D. Swallow, University College, London. This was labelled using a random primer kit (Promega Biotech, Madison, WI, U.S.A.) according to the manufacturer's instructions with [$#P]dCTP (Amersham, specific activity 3000 Ci\mmol). The human TfR probe is a 30-base single-stranded oligonucleotide :
5h-GCT-CAT-CTG-GGG-ACA-GGT-GAC-CCT-TAC-ACA-3h) (synthesized by Dr. R. Barraclough, Department of Biochemistry, University of Liverpool). Our preliminary experiments reveal that this sequence was able to hybridize to both human and rat TfR mRNA (Figure 4 ). This oligonucleotide was labelled using a terminal transferase enzyme kit (Boehringer Mannheim Biochemica, East Sussex, U.K.) according to the manufacturer's instructions. A 26-base oligomer (5h-AAC-GAT-CAG-AGT AGT-GGT-ATT-TCA-CC-3h) which binds to human 28 S rRNA [15] was used to normalize for RNA loading. This sequence was labelled using terminal transferase as for TfR. 
Prehybridization and hybridization
For sucrase-isomaltase, membranes were prehybridized at 68 mC for 20 min in 6 ml of Quickhyb R (Stratagene, Cambridge, U.K.). Hybridizations were carried out at 68 mC for 1 h. After hybridization, membranes were washed in the following solutions with increasing stringency : 2iSSC\0.1 % SDS at room temperature and at 60 mC for 15 min, and twice in 1i SSC\0.1 % SDS for 15 min at 60 mC.
For TfR, conditions for prehybridization and hybridization were found to be optimal at 42 mC. Prehybridization was carried out overnight followed by hybridization for a further 16-18 h. Membranes were washed in the following solutions with increasing stringency : 1i SSC\0.1 % SDS at room temperature and at 30 mC for 15 min each, and twice in 0.1iSSC\0.1 % SDS at 30 mC. For the 28 S rRNA, prehybridization and hybridization conditions were similar to TfR but were undertaken at room temperature. Washing conditions were the same as for sucrase-isomaltase.
Washed membranes were exposed to Kodak autoradiography film at k80 mC. At least two autoradiographic exposures for different times were obtained for each probe. Autoradiographs were quantified using a scanning densitometer (Shimadzu C5 9000 dual chamber flying spot scanner). Results are expressed as a ratio of mRNA to 28 S rRNA used to normalize for RNA loading.
Statistics
All data are shown as meanspS.D. Data were compared using the unpaired t-test. A significance level of P 0.05 was chosen for any differences revealed. All statistical procedures were carried out using the Arcus-Pro II4 statistical package (Medical Computing Ltd, Aughton, Lancs, U.K.) (Figures 1 and 3 ) in these segregated cells reveals a 3-fold gradient of activity\ incorporation between crypt and villus cells. This is comparable to previous reports [7, 16] of crypt and villus cell segregation using larger samples of intestinal mucosa of rats and mice. Histological assessment of the cell type lost at each stage of the segregation process (Figure 2 ) supports this. This was cross-checked by histological examination of cells removed, but sight characterization of these cells singly and in clumps is difficult (results not shown). The yield of RNA (estimated from spectrophotometry) is approximately 10 µg of RNA for the villus-cell-rich (Vw) fraction and 5 µg of RNA for the crypt-cell-rich (C2) fraction (C2 fraction was cells pooled from C1 and C2 in Scheme 1) from the six large biopsies obtained from the FB13K forceps.
RESULTS
Analysis of alkaline phosphatase expression and [$H]-thymidine incorporation
Our studies of mRNA expression revealed that sucrase-isomaltase mRNA expression is high at the tip and low in the crypt cells, a 4-fold difference (Figures 5  and 6 ). This is consistent with the enzymic location of sucrase-isomaltase, a family of disaccharides, which occurs in the brush-border membrane of enterocytes catalysing the breakdown of dietary di-and oligosaccharides. Green et al. [14] have isolated a cDNA probe for human jejunal brush border hydrolase and sucraseisomaltase, and have demonstrated mRNA expression in the human jejunum and in the enterocyte cell line Caco-2. Using conventional biopsy forceps no hybridization signal was observed for sucrase-isomaltase and only a faint signal was observed in Vw for 28 S rRNA (lanes 3 and 4 in Figure 5 ). In contrast, use of the TfR oligonucleotide probe reveals TfR mRNA expression to be greater in crypt than in tip cells, a 6-fold difference (Figures 6 and 7) . This is consistent with previous immunohistochemical studies on TfR expression [12, 17, 18] demonstrating greater receptor expression in crypt than in villus cells. This is in accordance with proliferative crypt cells having a higher requirement for iron and regulation of TfR mRNA expression mainly by transcription [19] . The densitometer ratios of the sucraseisomaltase and TfR mRNAs, illustrating greater expression of sucrase-isomaltase mRNA in the villus and TfR mRNA in the crypt, from three subjects are summarized in Figure 6 .
COMMENT
Differentiation of intestinal epithelial cells occurs in a gradual manner with the cell moving up and outwards from the crypt on to the villus architecture. The life span of the human small intestinal cell is estimated to be between 48 and 96 h [2] . The initial methods developed to segregate proliferating crypt cells from differentiated villus tip cells provided little histological and morphological evidence that different cell subpopulations were obtained. Weiser [16] isolated crypt and villus fractions from adult rat small intestine using a bivalent cationchelating agent at 37 mC and provided biochemical evidence for the different cell subpopulations. Fractions were analysed for certain brush-border enzymes (e.g. sucrase and alkaline phosphatase activity in villus cells, thymidine kinase in crypt cells) and incorporation of [$H]thymidine into the primitive undifferentiated crypt cells. Weiser [16] was able to demonstrate an apparent gradient of functional tip cells (Vw) from primitive undifferentiated crypt cells (C2). However, isolation of epithelial cells at 37 mC did not preserve cell integrity as internalization of certain surface receptors, e.g. insulin and epidermal growth factor receptors, to intestinal cells can occur within an hour at body temperature [20, 21] . In addition, isolation at 37 mC can result in a loss of mRNA transcripts and their protein products [22] . These deleterious effects could be overcome to some extent if isolation was carried out at 4 mC and this has been achieved in the rat and mouse intestinal mucosa where tissue availability is not a problem [7] .
We have described a technique by which enriched populations of proliferative and terminally differentiated epithelial cells of the human intestinal mucosa could be obtained at 4 mC. The method preserves cellular integrity to the extent that mRNA species can be extracted and examined using Northern hybridization techniques. Contamination of cell fraction by non-epithelial cells (endothelium, lymphocytes, plasma cells, macrophages) may be problematic if the mRNA species being studied is also present in these cells. It is possible that a specific mRNA to one of these cell types could be examined although this has not been studied here. It is feasible to undertake our method with small biopsy samples taken at routine endoscopy. The sensitivity of detection of mRNA after separation of cell subpopulations using our technique may be further enhanced by more sensitive techniques such as reverse transcriptase\polymerase chain reaction, RNA protection assays or riboprobes.
